Background: R2-like ligand-binding oxidases (R2lox) can assemble a Mn/Fe or diiron cofactor. Results: The metal centers are structurally similar and activate oxygen, resulting in redox-coupled structural changes. Conclusion: Oxygen activation likely proceeds via similar mechanisms at Mn/Fe and diiron clusters, while their redox state controls oxygen and substrate access. Significance: R2lox proteins could provide novel catalysts for oxidative chemistry. Two recently discovered groups of prokaryotic di-metal carboxylate proteins harbor a heterodinuclear Mn/Fe cofactor. These are the class Ic ribonucleotide reductase R2 proteins and a group of oxidases that are found predominantly in pathogens and extremophiles, called R2-like ligand-binding oxidases (R2lox). We have recently shown that the Mn/Fe cofactor of R2lox self-assembles from Mn II and Fe II in vitro and catalyzes formation of a tyrosine-valine ether cross-link in the protein scaffold (Griese, J. J., Roos, K., Cox, N., Shafaat, H. S., Branca, R. M., Lehtiö, J., Gräslund, A., Lubitz, W., Siegbahn, P. E., and Högbom, M. (2013) Proc. Natl. Acad. Sci. U.S.A. 110, 17189 -17194). Here, we present a detailed structural analysis of R2lox in the nonactivated, reduced, and oxidized resting Mn/Fe-and Fe/Fe-bound states, as well as the nonactivated Mn/Mn-bound state. X-ray crystallography and x-ray absorption spectroscopy demonstrate that the active site ligand configuration of R2lox is essentially the same regardless of cofactor composition. Both the Mn/Fe and the diiron cofactor activate oxygen and catalyze formation of the ether cross-link, whereas the dimanganese cluster does not. The structures delineate likely routes for gated oxygen and substrate access to the active site that are controlled by the redox state of the cofactor. These results suggest that oxygen activation proceeds via similar mechanisms at the Mn/Fe and Fe/Fe center and that R2lox proteins might utilize either cofactor in vivo based on metal availability.
In the ferritin-like superfamily of proteins a four-helix bundle scaffold hosts a dinuclear metal cofactor (1, 2) . Ferritins, bacterioferritins, and other related proteins assemble large protein cages from this scaffold that are used to store iron (3, 4) . In these proteins, the metal-binding site in the four-helix bundle sequesters and oxidizes the iron to be stored in a mineralized form inside the cage (3, 4) . Other ferritin-like proteins use dinuclear metal cofactors of different composition to perform a diverse array of catalytic functions. While the manganese catalases are more distantly related, bacterial multicomponent monooxygenases (BMMs), 5 class I ribonucleotide reductases (RNRs), and fatty acid desaturases all share a common fold (1) . In these proteins, the di-metal cofactor activates oxygen and catalyzes one-or two-electron redox chemistry from the high valent state of the metal ions (2, (5) (6) (7) . In BMMs, a diiron cofactor is used to hydroxylate a large variety of both saturated and unsaturated hydrocarbons, including methane (6, 8) . RNRs catalyze the reduction of ribonucleotides to deoxyribonucleotides via a radical-initiated mechanism. The three classes of RNRs differ in subunit composition and the way the catalytic radical is generated. Class I RNRs are composed of two types of subunits. The R1 subunit houses the catalytic site for ribonucleotide reduction and allosteric regulation sites, whereas the R2 subunit contains the di-metal center that generates the radical (5, 7, 9) . Within class I RNRs, three subgroups can be distinguished that use different metal cofactors. A diiron cofactor is found in the prototypical class Ia R2 proteins (9) , class Ib utilizes a dimanganese cluster (10 -13) , and the most recently identified class Ic contains a heterodinuclear Mn/Fe center (14 -17) . Whereas class Ia and Ib R2 proteins carry the stable radical on a tyrosine residue close to the metal cluster (10, 11, 13, 18, 19) , this tyrosine residue is replaced by a redox inert phenylalanine in class Ic (20) , and the radical equivalent is instead stored in form of the Mn IV /Fe III state of the cofactor (14) . Even more recently, another group of ferritin-like proteins utilizing a Mn/Fe cofactor was discovered in which the R2 scaffold is remodeled to house a hydrophobic ligand-binding channel (21) (22) (23) . Although their physiological activity remains enigmatic, these proteins are clearly capable of an oxidase activity, as they catalyze formation of a tyrosine-valine ether cross-link in the protein scaffold close to the active site (21, 22) . The two proteins from this group that have been structurally characterized to date were both found to contain a long-chain fatty acid ligand bound in the ligand-binding channel and coordinated to the metal cofactor (21, 22) . These proteins were therefore called R2-like ligand-binding oxidases (R2lox). While their fold is most closely related to RNR R2 proteins, they appear to use the heterodinuclear cofactor for similar functions as BMMs or another recently discovered member of the ferritin superfamily, the cyanobacterial diiron aldehyde-deformylating oxygenase (24 -28) . The Mn/Fe cofactor is thus equally versatile as the diiron cofactor in that it can perform both one-and twoelectron redox chemistry, but its full potential has yet to be uncovered.
We have recently shown that the R2lox protein itself can select for manganese in site 1 and iron in site 2, thereby assembling the heterodinuclear Mn/Fe cofactor (22) , but it is not clear whether the coordination geometry in R2lox depends on metal identity. In our previous work, we presented the structures of an R2lox protein from the thermophilic bacterium Geobacillus kaustophilus in the metal-free, as well as the oxidized resting and nonactivated, reduced Mn/Fe-bound states (22) . While in the oxidized state, metal-binding site 1 was almost exclusively populated by manganese, and site 2 contained mainly iron, the reduced state presented a roughly 1:1 mixture of Mn/Fe and Fe/Fe clusters. Potential differences between the Mn/Fe and Fe/Fe-bound states might be averaged out in this structure. To investigate how binding of manganese versus iron impacts coordination mode and larger conformational changes, we therefore determined the structures of R2lox also in the oxidized and reduced Fe/Fe-bound states, as well as the Mn/Mn-bound state, which does not activate oxygen. Likely routes for controlled oxygen and substrate access to the active site can be discerned in the structures. Small angle x-ray scattering (SAXS) and x-ray absorption spectroscopy (XAS) data corroborate the crystallographic results on the global and the local active site level. From these data, structural models for the reduced and oxidized homo-and heterodinuclear metal centers are derived that provide insight into the oxygen activation mechanism.
Experimental Procedures
Protein Production and Purification-An N-terminally Histagged full-length construct of the R2lox protein I from G. kaus-tophilus (accession number yp_148624) was produced and purified as described previously (22) . Briefly, protein was produced recombinantly in Escherichia coli BL21(DE3) (Novagen) grown in terrific broth (Formedium TM ). To obtain metal-free protein, 0.5 mM EDTA was added to the cultures immediately before induction with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. Apoprotein was purified via heat denaturation of contaminating proteins and nickel chelate affinity chromatography. Cells were disrupted by high pressure homogenization in 25 mM HEPES-Na, pH 7.0, 300 mM NaCl, 20 mM imidazole, 0.5 mM EDTA. The lysate was cleared by centrifugation, incubated at 60°C for 10 min, and again cleared by centrifugation. The supernatant was applied to a nickel nitrilotriacetic acid-agarose (Qiagen) gravity flow column. The beads were washed with lysis buffer containing 40 mM imidazole, followed by the same buffer without EDTA. Protein was then eluted using lysis buffer containing 250 mM imidazole and without EDTA. The eluate was exchanged into 25 mM HEPES-Na, pH 7.0, 50 mM NaCl using a HiTrap desalting column (GE Healthcare), concentrated to ϳ1 mM, aliquoted, flash-frozen in liquid nitrogen, and stored at Ϫ80°C (22) . Protein concentration was determined using an extinction coefficient at 280 nm of 47.76 and 50.56 mM Ϫ1 cm Ϫ1 for metal-free and metal-bound R2lox, respectively (29) .
Mass Spectrometric Analysis of the Copurifying Ligand-Ligands were extracted from apoprotein with methanol. Samples (5 l) were analyzed by LC-MS using a 6550 Agilent QTOF coupled to an Agilent 1290 LC system. Data were collected between m/z 70 and 1700 in positive/negative ion mode. The following ESI settings were used (Agilent Jetstream): gas temperature 300°C; gas flow 8 liters/min; nebulizer pressure 40 p.s.i.; sheath gas temperature 350°C; sheath gas flow 11 liters/min; Vcap 4000 V; fragmentor 100 V; Skimmer 145 V; Octapole RF Peak 750 V. All samples were separated using a reversed phase Kinetex C18 column (100 ϫ 2.1 mm, 2.6-m particle size, 100 Å pore size, Phenomenex). For elution, solvents used were 0.1% formic acid (FA) in water (solvent A) and 75:25% acetonitrile/isopropyl alcohol, 0.1% FA (solvent B). All solvents were of HPLC grade. Linear gradients were used for all separations and were devised as follows for reversed phase separation (0.5 ml/min): min 0, 5% B; min 8, 95% B; min 10, 95% B; min 10.2, 5% B; min 12, 5% B. Raw data were processed using Mass Hunter Qual (Agilent), with the "find by molecular feature" function, and generated CEF files were further aligned and statistically processed in Mass Profiler Professional (Agilent). Extracted protein samples were compared with blank extracted samples to identify potential ligands. Structural identification of ligands was done using accurate mass (Ͻ5 ppm mass error).
Crystallization and Data Collection-R2lox was crystallized by vapor diffusion at 22°C in 12.5-27.5% (w/v) PEG 1500, 100 mM HEPES-Na, pH 7.0 -7.4. To obtain full occupancy of the Mn/Fe cofactor, crystals of partially metal-bound protein were additionally soaked in mother liquor containing 5 mM each FeCl 2 and MnCl 2 for 30 min and then briefly washed in mother liquor supplemented with 20% (v/v) PEG 400 before flash-cooling in liquid nitrogen (22) . To reconstitute the Mn/Fe cofactor in apoprotein, crystals of metal-free protein were soaked in mother liquor additionally containing 5 mM each MnCl 2 and (NH 4 ) 2 Fe(SO 4 ) 2 for 1-24 h under aerobic conditions and then briefly washed in 40% (w/v) PEG 1500, 100 mM HEPES-Na, pH 7.0. This procedure leads to the oxidized resting state of the Mn/Fe cofactor (with ϳ1:0 Mn:Fe in metal site 1 and ϳ1:2-1:3 Mn:Fe in site 2) (22) . The oxidized Fe/Fe-bound state was obtained analogously by soaking with 5 mM (NH 4 ) 2 Fe(SO 4 ) 2 only. Soaking with 5 mM MnCl 2 only under the same conditions led to the nonactivated Mn/Mn-bound state. To obtain the nonactivated reduced Mn/Fe cofactor, apoprotein crystals were soaked in 1 ml of 40% (w/v) PEG 1500, 100 mM HEPES-Na, pH 7.0, 5 mM (NH 4 ) 2 Fe(SO 4 ) 2 , 5 mM MnCl 2 , 0.5% (w/v) sodium dithionite, 0.5 mM phenosafranin, and 0.05% (v/v) Tween 20 for 1 h and flash-cooled directly without washing (22) . Using this procedure, a roughly equal mixture of nonactivated reduced Mn/Fe and Fe/Fe clusters was obtained (ϳ1:1 Mn:Fe in site 1 and ϳ1:4 Mn:Fe in site 2) (22) . The reduced Fe/Fe-bound state was reconstituted analogously by soaking with 5 mM (NH 4 ) 2 Fe(SO 4 ) 2 only at pH 7.4 for 2 h. Soaking solutions were always freshly prepared immediately before use, using freshly dissolved (NH 4 ) 2 Fe(SO 4 ) 2 and dithionite to ensure that the iron was ferrous and that oxygen was effectively removed from soaking solutions used to obtain reduced states, with phenosafranin serving as redox indicator. Data were collected at 100 K at beamlines PX14.1/BESSY (Helmholtz Center Berlin, Germany), ID23-2/ESRF (Grenoble, France), and X06SA/SLS (Villigen, Switzerland).
Structure Determination, Model Building, and Refinement-Data were processed with XDS (30) . All structures of R2lox were solved using a previously determined structure in the same redox state (22) not containing any ligands as a starting model. Except for the reduced Fe/Fe-bound state, which was obtained in space group P2 1 2 1 2 and was solved by molecular replacement using Phaser in Phenix (31, 32) , all crystals were in space group I222, and structures were solved by Fourier synthesis. Refinement was carried out with phenix.refine (31, 33) and iterated with rebuilding in Coot (34) . Refinement included individual atomic coordinate and isotropic B factor refinement, occupancy refinement for alternative conformations and metal ions bound on the protein surface (but generally not the active site metal ions), and bulk solvent corrections. Metal-ligand bond lengths were restrained. Solvent molecules were added with phenix.refine and manually. Hydrogens were added to the models in the later stages of refinement. In the structure of R2lox that had been isolated in (partially) metal-bound form and additionally soaked with manganese and iron under aerobic conditions (22) , strong electron density connecting the phenolic oxygen of Tyr-162 and the C␤ of Val-72 was observed. This ether cross-link was restrained to an ideal distance of 1.45 Ϯ 0.02 Å. Electron density for the cross-link was also observed in apoprotein crystals soaked with manganese and iron or iron only under aerobic conditions but was not strong enough to warrant restraining it. Structures were validated using MolProbity (35) . Data and refinement statistics are given in Tables 1 and 2 . All figures were prepared with PyMOL (version 1.6.0.0, Schrodinger, LLC). Electrostatic surface potentials were calculated with the Adaptive Poisson-Boltzmann Solver (APBS) in PyMOL (36, 37) . A morph between the nonactivated Mn/Fe-bound state of R2lox before cross-link formation and the oxidized Mn/Fe-bound state containing the cross-link was generated by interpolating the two conformations using the corkscrew method without minimization with the UCSF Chimera package (38) .
Sample Preparation for X-ray Absorption Spectroscopy-To obtain the oxidized resting state of the Mn/Fe cofactor, 200 M apoprotein was incubated with 2.4 eq of MnCl 2 and 1.2 eq (per monomer) of (NH 4 ) 2 Fe(SO 4 ) 2 in 100 mM HEPES-Na, pH 7.0, 50 mM NaCl for 1 h at room temperature under aerobic conditions. Excess metal ions were removed by passing the sample through a HiTrap desalting column (GE Healthcare) equilibrated in 25 mM HEPES-Na, pH 7.0, 50 mM NaCl. Following this reconstitution procedure, ϳ50% of the protein contained Mn/Fe cofactors, the highest proportion that can be obtained in solution (22) . (A much larger excess of metal ions, as used in the crystal soaking experiments, cannot be used for reconstitution in solution because it leads to protein precipitation.) The reconstituted protein was concentrated to 1-3 mM, and glycerol was added to a final concentration of 10% (v/v) before transfer into sample holders and flash-cooling in liquid nitrogen. The non- The protein was produced and purified in metal-free form, and crystals were soaked with manganese and/or iron for the indicated durations under anoxic or aerobic conditions. b The protein was isolated in partially metal-bound form, and the crystal was additionally soaked with manganese and iron under aerobic conditions for 30 min. c Percentage of correlation between intensities from random half-datasets (107) . The correlation is significant at the 0.1% level in all resolution shells in all datasets. activated reduced Mn/Fe cofactor was reconstituted in the same way in an anaerobic glove box with the addition of 1 mM sodium dithionite to all buffers. Iron-only loaded samples were prepared using a 4-or 5-fold molar excess of (NH 4 ) 2 Fe(SO 4 ) 2 over polypeptide chains under aerobic or anaerobic conditions. No glycerol was added to reduced state samples.
TXRF-Metal contents of apoprotein preparations and XAS samples were quantified using total reflection x-ray fluorescence analysis on a Bruker PicoFox instrument (39) . A gallium standard (Sigma) was added to the samples (v/v 1:1) prior to the measurements. TXRF spectra were analyzed using the routines provided with the spectrometer.
X-ray Absorption Spectroscopy-XAS experiments at the iron and manganese K-edges were carried out at beamline Samba of SOLEIL (Paris, France) using a standard setup for XAS (double-crystal Si[220] monochromator, liquid helium cryostat for holding samples at 20 K, 36 element energy-resolving germanium detector from Canberra for x-ray fluorescence monitoring) as described previously (40, 41) . Dead-time corrected XAS spectra were averaged and normalized, and EXAFS oscillations were extracted as described previously (42) . EXAFS data were processed, Fourier transforms (FTs) calculated, and spectral simulations carried out using in-house software (42) . Phase functions were calculated with FEFF8.2 (43) . FTs were calculated for k-values of 1.8 -12.1 Å Ϫ1 using cos 2 windows extending over 10% of both k-range ends.
Bond Valence Sum Calculation-BVS values were calculated using Equation 1 with a B value of 0.37 Å, values of R 0i for Fe-O of 1.737 Å, Fe-N of 1.792 Å, Mn-O of 1.762 Å, and Mn-N of 1.843 Å, which represent the average values for metal(II) and metal(III) species (44) , and using the coordination numbers (N i ) and mean metal-ligand distances (R i ) from the EXAFS analysis or the crystallographic models.
Mass Spectrometric Analysis of Cross-link Formation-100 M apoprotein was incubated with 2 eq of MnCl 2 and 1 eq (per monomer) of (NH 4 ) 2 Fe(SO 4 ) 2 or 3 eq of (NH 4 ) 2 Fe(SO 4 ) 2 only in 100 mM HEPES-Na, pH 7.0, 50 mM NaCl, 1 mM sodium dithionite under aerobic conditions for 4 h at room temperature. Excess metal ions were removed by passing the sample through a HiTrap desalting column (GE Healthcare) equilibrated in 25 mM HEPES-Na, pH 7.0, 50 mM NaCl. The reconstituted protein was concentrated to ϳ1 mM. Six replicates of each sample were prepared. From each assay replicate, 80 g of R2lox protein were subjected to proteolytic digestion by Glu-C (Promega, enzyme/substrate ratio 1:40) in phosphate buffer using the filter aided sample preparation method (45) . In phosphate buffer (50 mM, pH 7.6), the enzyme Glu-C cleaves the protein at the C-terminal side of glutamic and aspartic residues. From each replicate, 300 l of digested sample was collected and acidified by addition of 100 l of 10% FA prior to LC-MS. The autosampler of an HPLC 1200 system (Agilent Technologies) injected 1 l (ϳ200 ng of peptides) into a C18 guard desalting column (Zorbax 300SB-C18, 5 ϫ 0.3 mm, 5 m bead size, Agilent). Then a 15-cm-long C18 PicoFrit column (100 m internal diameter, 5 m bead size, Nikkyo Technos Co., Tokyo, Japan) installed onto the nano electrospray ionization (NSI) source was used. Solvent A was 97% water, 3% acetoni- a The protein was produced and purified in metal-free form, and crystals were soaked with manganese and/or iron for the indicated durations under anoxic or aerobic conditions. b Two alternative active site conformations were modeled, but conformation (conf.) A was judged to explain the data better than conformation B. c The protein was isolated in partially metal-bound form, and the crystal was additionally soaked with manganese and iron under aerobic conditions for 30 min. d R free is calculated from a randomly selected 5% subset of reflections excluded from refinement. e Residues out of the 302-residue full-length protein included in the final model are given in parentheses. f Root-mean-square deviation (r.m.s.d.) from ideal geometry. g Geometry statistics were calculated with MolProbity (35) . h Average B factors were calculated with Baverage in the CCP4 suite (108). trile, 0.1% FA; and solvent B was 5% water, 95% acetonitrile, 0.1% FA. At a constant flow of 0.4 l/min, a linear gradient went from 2% B up to 40% B in 45 min, followed by a steep increase to 100% B in 5 min, plateau at 100% B for 5 min, and subsequent re-equilibration with 2% B. On-line LC-MS was performed using an LTQ Orbitrap Velos Pro mass spectrometer (Thermo Scientific). FTMS master scans (AGC target of 1e6) were acquired with a resolution of 30,000 and were followed by datadependent MS/MS (AGC target of 1e5) at a resolution of 7,500. In data-dependent MS/MS, the top two ions from the master scan were selected first for collision-induced dissociation (at 35% energy) and afterward for higher energy collision dissociation (at 30% energy). Precursors were isolated with a 2 m/z window. Dynamic exclusion was used with 60-s duration. Each sample was analyzed in technical triplicates amounting to a total of 36 LC-MS runs. The relative amount of ether cross-link in each sample was quantified using the Glu-C cleavage product cross-linked peptide AVIRAATVYNMIVE-AVTLD (where the underlined residues are the cross-linked Tyr and Val) as surrogate reporter (i.e. the 689.038 m/z ion). The area under the curve was calculated for the extracted ion chromatogram in the 689.028 -689.048 m/z range in the retention time window 36 -38 min using the Qual Browser in Xcalibur (Thermo Scientific). This area was then normalized to the total protein area of the respective LC-MS run using the precursor area quantification node of Proteome Discoverer 1.4 (Thermo Scientific).
Small Angle X-ray Scattering of Protein Solutions-To prepare samples suitable for SAXS measurements, metal-free and aerobically Mn/Fe-reconstituted protein was additionally purified via gel filtration on a Superdex 200 column (GE Healthcare) and was concentrated to yield samples in concentration ranges from 1 to 17 mg/ml in 25 mM HEPES-Na, pH 7.0, 150 mM NaCl. The flow-through of the concentration step was used as buffer reference for SAXS measurements. Samples were centrifuged immediately prior to measurement. SAXS data were collected at beamline I911-SAXS/Max II at an x-ray wavelength of 0.91 Å over an s range of 0.01-0.5 Å Ϫ1 . The momentum transfer s is defined as s ϭ 4 sin/, where 2 is the scattering angle, and is the x-ray wavelength. Scattering profiles of lysozyme, bovine serum albumin, and alcohol dehydrogenase (Sigma) were measured as reference for molecular mass determination. The ATSAS package (46) was used to process and analyze data. The radius of gyration (R g ) was derived by the Guinier approxima-
The molecular masses of the solutes were determined by extrapolating the scattering intensities to zero angle and using a standard curve obtained from I(0) values and known molecular masses of the reference proteins. Independent estimates of the molecular mass were obtained from the hydrated volume of the particles. Theoretical scattering profiles of atomic resolution models were calculated and fitted to measured profiles with CRYSOL (47) . Ab initio models were reconstructed from the experimental data using the programs DAMMIF (48) and GASBOR (49), initially without imposing any symmetry or other restrictions on possible models. Because all models were clearly 2-fold symmetric, further models were calculated imposing 2-fold symmetry. Eight models that were independently reconstructed with GASBORi were aligned and averaged with SUPCOMB (50) and DAMAVER (51) . The Situs package (52) was used to calculate an envelope representation and dock the atomic resolution model into it.
Results

A Mixture of Hydroxylated Long-chain Fatty Acids Copurifies
with R2lox-A striking feature of R2lox proteins is the hydrophobic tunnel extending from the active site to the protein surface in which a long-chain fatty acid is bound that copurifies with the protein from the heterologous expression host (21, 22) . To verify the nature of the ligand, a sample of R2lox produced in E. coli in metal-free form was subjected to mass spectrometry analysis. It was found to contain a mixture of different long-chain fatty acids, mainly hydroxylated octadecanoic (C 18 H 34 O 3 ) and hexadecanoic acid (C 16 H 32 O 3 ) ( Fig.  1 ). In the crystal structures, the ligand was modeled as palmitic (hexadecanoic) acid. We have not attempted to assign the hydroxyl group in the crystal structures, as its location in the chain is not apparent either in the electron density or from the mass spectrometry data. Importantly, however, because the mass spectrometry data clearly indicates that the ligand is a fatty acid, it was modeled as such in all structures, although the density for the carboxyl group is not entirely clear in all of them (see below). 
Crystal Structures of R2lox in Different Metallation and
Redox States-Structures of R2lox with a Mn/Fe cluster in the nonactivated, reduced, and oxidized resting state were previously determined (22) . Here, we present a detailed structural analysis of differently metallated states of R2lox containing Mn/Fe, Fe/Fe, or Mn/Mn clusters. For simplicity, in the following we refer to structures in the oxidized resting state as "oxidized" and to nonactivated states as "reduced." The assignment of redox states is based on the characteristic arrangement of the metal ligands in the structures. As detailed below, the metal ions are most likely divalent even in oxidized state structures due to x-ray photoreduction. To assess cofactor activity in crystals (see below), several oxidized Mn/Fe and Fe/Fe state crystals were analyzed (Tables 1  and 2 ), but because the structures were identical within error, we discuss only the respective highest resolution structures in detail (PDB codes 4HR0 and 4XB9 for the oxidized Mn/Fe and Fe/Fe cofactor, respectively).
The protein-derived metal ligands in R2lox consist of two histidines and four glutamates. In the reduced Mn/Fe-bound state, each metal ion is coordinated by one histidine and four carboxylates ( Fig. 2A) . One of the carboxylate groups is provided by the external fatty acid ligand, bridging the metal ions in bidentate coordination mode. Glu-102 provides the second bidentate bridge opposite the fatty acid. Each metal ion is further coordinated by one histidine and one monodentate glutamate (site 1, Glu-69 and His-105; site 2, Glu-167 and His-205). The last glutamate ligand, Glu-202, bridges the metal ions in monodentate coordination mode, while also coordinating the iron ion in site 2 with the second carboxyl oxygen (i.e. a -1 , 2 coordination). A water molecule is bound at the open coordination site of the manganese ion in site 1. Both metal ions are therefore coordinated in octahedral geometry, although the coordination sphere in site 2 is distorted.
Only Glu-202 changes its coordination mode upon oxidation. It shifts outward, leaving only the monodentate coordina- Carbon atoms of first and selected second sphere amino acid residues are colored cyan and green, respectively, and those of the fatty acid ligand light blue (with oxygen colored red and nitrogen blue). Iron and manganese are shown as orange and purple spheres, respectively, and water/oxo/hydroxo ligands as smaller red spheres. Metal-ligand bonds are indicated by gray lines, hydrogen bonds by blue dashed lines, and bond lengths are given in Å. OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 25259 tion to site 2, and a hydroxo ion, presumably derived from molecular oxygen, takes the place of the bridge (Fig. 2B ). This bridging ligand was assigned as a hydroxo ion based on Mössbauer and EPR data, which also showed that the ligand to site 1 is a water molecule (22, 29) . These changes lead to the coordination sphere in site 2 also becoming perfectly octahedral. No other major changes occur in the first coordination sphere, with the exception of the water ligand to site 1. Upon oxidation, this water molecule moves farther away from the metal ion and closer to its other coordinating ligand, the phenolic oxygen of Tyr-175 ( Fig. 2) . This movement appears to cause a concerted movement of Tyr-175 and a leucine residue in the second ligand sphere closer to site 1, Leu-198. Tyr-175 only rotates slightly to accommodate the hydrogen bond to the water ligand, but it would then clash with the reduced state conformation of Leu-198, which consequently adopts a different rotamer ( Fig. 2) .
Structural Basis for Oxygen Activation at a Mn/Fe Cofactor
With the fatty acid ligand coordinated to both metal ions in the reduced state, all coordination sites of both metal ions are occupied, and the cofactor cannot bind and reduce oxygen unless a ligand is released ( Fig. 2) . However, the cofactor clearly is activated under aerobic conditions. The electron density for the fatty acid is less well defined in the reduced than in the oxidized state, indicating that the ligand is mobile in the reduced state ( Fig. 3, A and B) . Because the reduced active site model described above ("conformation A") does not appear to completely explain the crystallographic data, we attempted to model an alternate reduced active site conformation ("conformation B") where the fatty acid carboxyl group is not coordinated to the metal ions, and Glu-167 instead coordinates the iron ion in bidentate mode ( Fig. 3 , B-F). Starting from this conformation, both Glu-202 and Glu-167 would have to rotate upon oxidation. However, conformation B does not explain the data better than conformation A (Fig. 3 , E and F, and Table 2 ). The manganese ion in site 1 has an open coordination site, whereas Glu-167 coordinates the iron ion in site 2 with one rather short (1.8 Å) and one rather long (2.3 Å) bond. The positive difference density observed in conformation B cannot satisfactorily be explained by water molecules, as these would clash with surrounding atoms. Simultaneous refinement of both conformations led to worse geometry in the active site than separate refinements of either conformation, while not removing the positive difference density around Glu-167 (data not shown). Other active site models were also tested and found to be more unsatisfactory. We conclude that conformation A explains the available crystallographic data best, if not completely.
No major structural differences are observed between the Mn/Fe-and Fe/Fe-bound structures in corresponding redox states. All structures superimpose with root-mean-square deviations between 0.11 and 0.36 Å, in the range of the coordinate error ( Table 2 ). In particular, the active sites are virtually identical (Fig. 4, A and B) . Generally, R2lox crystallizes in space group I222 with one molecule in the asymmetric unit, but crystals of the reduced Fe/Fe-bound state were obtained in P2 1 2 1 2 with two molecules in the asymmetric unit. The two polypeptide chains do not display any significant differences, aside from chain B being slightly more disordered than chain A, as evi-denced by its higher average B factor (39.1 and 42.3 Å 2 for the whole chain A and B, respectively). Mobility of the active site, and especially the fatty acid ligand, is observed in both chains in the reduced Fe/Fe-bound state (data not shown). Oxygen activation therefore seems to proceed via similar mechanisms with the Mn/Fe and the Fe/Fe cofactor.
In the aerobically reconstituted Mn/Mn-bound state, the metal ligands adopt a reduced state conformation (Fig. 4C) . This is expected, as the dimanganese cluster cannot activate oxygen (19, 53) . When R2lox is reconstituted with a low excess of only manganese in solution, manganese binds only to site 1 (22) . In crystal soaking experiments, a far larger excess of manganese can be used (which would precipitate the protein in solution but does not harm the crystals). Under these conditions, manganese binds in both metal-binding sites of R2lox. However, the manganese ion in site 2 refines to a significantly higher B factor than the manganese ion in site 1, indicating that site 1 is more disordered and/or not fully occupied. Combined B factor and occupancy refinement yielded B factors and occupancies of 33.5 Å 2 /0.96 and 40.5 Å 2 /0.95 for site 1 and site 2, respectively. Because this is very near the B factors obtained with full occupancies, we chose to deposit the model with fully occupied metal sites ( Table 2 ). In contrast, in mixed-metal and iron-only structures, both metal ions refine to full occupancy and very similar B factors ( Table 2 ). The crystallographic data therefore indicate that although manganese can be forced into both metal sites when using a large excess of manganese over protein, it still does not bind equally well on its own as iron or manganese together with iron.
Refined Active Site Architectures Obtained by X-ray Absorption Spectroscopy-R2lox was reconstituted with manganese and iron or iron only under both anaerobic and aerobic conditions in solution to obtain reduced and oxidized Mn/Fe and Fe/Fe centers. The samples were subjected to XAS analysis to determine the metal oxidation states and interatomic distances in the metal centers from x-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) spectra, respectively. Metal contents in R2lox samples before and after reconstitution were determined by TXRF analysis ( Table 3 ). The apoprotein preparation contained ϳ10% diiron clusters, assuming that all iron was bound in dinuclear centers. The content of manganese and other transition metal ions (nickel, copper, and zinc) was negligible. The aerobically reconstituted iron-only sample contained near-stoichiometric amounts of iron per protein monomer, so that almost quantitative occupancy of dinuclear Fe/Fe centers was expected. Stoichiometric metal loading was likewise observed in the aerobically Mn/Fe-reconstituted sample. The manganese to iron ratio of about 1:3 indicates that approximately half of the cofactors were either of the Mn/Fe or Fe/Fe type. This assignment agrees with that previously made for EPR samples reconstituted in solution using the same procedure as for the XAS samples (22) . In the anaerobically reconstituted samples, metal loading was sub-stoichiometric, suggesting the presence of large amounts of apoprotein or alternatively singly occupied centers besides dinuclear cofactors. However, the manganese to iron ratio in the reduced Mn/Fe sample was similar to the oxidized sample, indicating similar relative amounts of Mn/Fe and Fe/Fe clusters. The sub-stoichiometric loading of reduced state samples was probably caused by the desalting step used to remove excess metal ions after reconstitution, which might also remove weakly bound metal ions in the protein, as the metal ions only become "fixed" in the active site upon oxygen activation due to the formation of metal(III)-bridging O(H) bonds (54) .
For Fe/Fe-R2lox, the absolute energies of the iron K-edge spectra (ϳ7121.4 and ϳ7124.8 eV) and the energy difference (ϳ3.4 eV) are indicative of mostly Fe II in the reduced and Fe III in the oxidized sample ( Fig. 5A) (55, 56) . Accordingly, anaerobically reconstituted protein contains mainly Fe II /Fe II centers and aerobically reconstituted protein mainly Fe III /Fe III centers. The high edge energy of the oxidized sample and the relatively large energy difference, in comparison with related Fe II and Fe III compounds (55, 57) , suggest the presence of minor amounts (Յ20%) of Fe IV species in Fe/Fe-R2lox ox . For Mn/Fe-R2lox, the manganese K-edge energies (ϳ6546.8 and ϳ6549.2 eV) and the energy difference (ϳ2.4 eV) are indicative of almost quantitative amounts of Mn II and Mn III in the reduced and oxidized sample, respectively (55, 57, 58) . Thus the manganesecontaining centers are mainly in the Mn II /Fe II and Mn III /Fe III states, respectively. Again, the relatively high manganese K-edge energy in the oxidized sample suggests a minor (Յ20%) Mn IV admixture. The predominant oxidation states observed in the XAS samples agree with the assignments made previously based on EPR and Mössbauer data (22, 29) .
The rates of x-ray photoreduction (xpr) of iron and manganese in R2lox ox were monitored by down-shifts of the K-edge energies in response to increasing periods of x-ray irradiation of samples held at 20 K (Fig. 5A) . The iron K-edge shifted by ϳ1.8 eV after ϳ2 h of xpr, with a half-time of ϳ33 min, suggest- OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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ing that ϳ50% of the initial Fe III was reduced to Fe II in Fe/Fe-R2lox ox and thus mostly mixed-valence Fe III /Fe II centers were present after this exposure period. The manganese K-edge shifted by ϳ1.8 eV after ϳ1 h of xpr, with a half-time of ϳ16 min, indicating the reduction of ϳ75% of the initial Mn III to Mn II in Mn/Fe-R2lox ox , and therefore a majority of Mn II - 
Metal contents of R2lox samples before and after reconstitution with manganese and iron in solution
Ox is oxidized, aerobically prepared samples; red is reduced, anaerobically prepared samples. min, Fe/Fe center, or ϳ50 min, Mn/Fe center, prior to the collection of the spectra). A, XANES spectra. Insets, iron or manganese K-edge energies (dots) for increasing x-ray irradiation periods determined from respective XANES spectra (data not shown) together with single exponential decay simulations (lines) with half-times of ϳ33 min (iron) or ϳ16 min (manganese). B, FTs of iron and manganese EXAFS oscillations in the insets (black lines, experimental data; colored lines, simulations with parameters in Table 4 ). Spectra are vertically displaced for comparison.
Sample
Concentrations
containing centers after this irradiation period. Similarly rapid xpr has been observed for typical R2 proteins (55, 56) . The faster reduction of Mn III compared with Fe III can likely be explained by the about twice as large x-ray absorption crosssection of the protein sample at manganese K-edge energies compared with iron K-edge energies (56) . We used a spot size of about 0.3 mm 2 at ϳ10 11 photons s Ϫ1 , i.e. a specific x-ray flux of ϳ3 ϫ 10 11 photons mm Ϫ2 s Ϫ1 in the xpr experiments at the iron and manganese K-edges at 20 K. The specific flux at the used crystallography beamlines was in the range of 7 ϫ 10 13 to 4 ϫ 10 15 photons mm Ϫ2 s Ϫ1 . The crystallographic measuring temperature was 100 K, considerably higher than for XAS, which may be expected to accelerate xpr by a factor of about 10 (56, 59) . However, this factor may be compensated by the about 10 times lower absorption of the sample at the higher x-ray energies used in crystallography. Assuming a linear dose-rate relationship of xpr (56, 59) , at least about 200 -10,000 times faster reduction of metal(III) ions was therefore expected during crystallographic data collection of R2lox ox . This means that the Fe II and Mn II levels likely were reached within less than 0.5-25 s of data collection, long before a complete dataset was obtained. Crystal structures of initially oxidized R2lox are thus expected to contain mainly divalent metal ions. Because crystallographic data collection proceeded at 100 K, movement of the amino acid side chains bound to the metal ions may be limited. Nevertheless, it is important to ascertain which structural changes accompany xpr in crystalline samples and how well aerobically reconstituted crystal structures therefore actually represent the oxidized resting state. In addition, the much higher precision of EXAFS for interatomic distance determination (ϳ0.02 Å) compared with protein crystallography yields more accurate metal-ligand bond lengths and metal-metal distances. EXAFS spectra (FTs and EXAFS oscillations) of iron for Fe/Fe-R2lox and of manganese for Mn/Fe-R2lox samples are shown in Fig. 5B . Simulations of the spectra reveal the structural alterations at the metal sites in response to redox state changes of the cofactors (Table 4 ). Iron and manganese are most likely 6-coordinated both in the reduced and oxidized state.
In the reduced Fe/Fe center, two resolved Fe-N/O bond lengths of close to 2.0 and 2.2 Å are likely attributable mostly to OH n (water species) ligands, as well as O(carboxylate) and N(histidine) ligands at Fe II , respectively ( Table 4 ). The coordi-nation number of distances within about 2.9 -3.1 Å, reflecting C/O/N atoms of amino acid side chains in the second coordination sphere (i.e. atoms not directly bound to the metal ions), was slightly increased compared with the oxidized sample, possibly due to the Fe-C and Fe-O distances from the bridgingchelating carboxylate (Glu-202) observed in the crystal structure of the reduced Fe/Fe center (Fig. 4A ). An Fe II -Fe II distance of ϳ3.65 Å, similar to the crystal structure, could be determined, but contributed only weakly to the EXAFS. The relatively small contribution of metal-metal distances to the EXAFS was likely due to the presence of considerable amounts of single-metal cofactor sites in the sub-stoichiometrically loaded reduced sample (see above, Table 3 ). Longer Fe-Fe distances around 4.2 Å, accounting for respective small FT peak features (Fig. 5B) , could also be included in the EXAFS fit (data not shown) and may be due to Fe/Fe clusters lacking a bridgingchelating carboxylate.
In the oxidized Fe/Fe sample, metal-metal distances were relatively well discernable in the EXAFS data, in agreement with the expected near-quantitative presence of dinuclear cofactors ( Table 3 ). The oxidized Fe/Fe centers revealed about 0.1 Å shorter Fe III -N/O bonds and an increased coordination number of the shorter bonds, in agreement with an additional Fe-O(H)-Fe-bridging motif in the site ( Table 4 ). The Fe III -Fe III distance was shortened by only ϳ0.2 Å. Inclusion of a second Fe-Fe distance of ϳ3.1 Å with a low coordination number slightly increased the fit quality (data not shown). Such a distance may reflect minor amounts of Fe/Fe centers with two O(H) bridges (55) (56) (57) 60) . Xpr of Fe/Fe-R2lox ox led to an overall Fe-N/O bond elongation by ϳ0.05 Å and to increased distance heterogeneity (larger Debye-Waller factor) in the mixedvalence cluster, and thus to structural parameters more similar to the reduced cofactor. The Fe-Fe distance after xpr, however, remained almost unchanged.
The reduced Mn/Fe cofactor showed rather homogeneous and typical Mn II -N/O bond lengths close to 2.2 Å and second sphere Mn-C/N/O distances of about 2.6 -3.3 Å ( Table 4 ). The increased coordination number of Mn-C/N/O bonds of ϳ2.6 Å compared with the oxidized center may be due to a bridgingchelating carboxylate (Glu-202), as in the case of the Fe/Fe center. A Mn II -Fe II distance of ϳ3.65 Å was similar to the Fe II -Fe II distance and likewise contributed only weakly to the EXAFS, presumably due to the presence of large amounts of singly The following abbreviations are used: N, coordination number; R, interatomic distance; 2 2 , Debye-Waller factor; R F , error sum calculated for reduced distances of 1-3.5 Å (42); red, reduced, anaerobically prepared samples; xpr, aerobically prepared, X-ray photoreduced samples; ox, oxidized, aerobically prepared samples. (Table  4 ). Like in the oxidized Fe/Fe sample, a small shortening of the Mn III -Fe III distance (by ϳ0.15 Å) was observed, and metalmetal distances were likewise relatively well discernable in the EXAFS data. Inclusion of a second Mn-Fe distance at ϳ3.0 Å with a low coordination number slightly increased the fit quality (data not shown). The xpr effects (after ϳ50 min of irradiation) on the initially oxidized Mn/Fe center were similar to those on the Fe/Fe cluster. Overall, longer Mn-N/O bonds and increased distance heterogeneity more similar to the reduced cofactor were observed, but the Mn-Fe distance remained almost unchanged.
Fe/Fe
N (per metal)/R (Å)/2 2 ؋ 10 3 (Å 2 )
R F Fe-N/O Fe-N/O Fe-C/N/O Fe-C/N/O Fe-Fe
BVS calculations were carried out to derive the metal oxidation states on the basis of the bond lengths from EXAFS analysis ( Table 5 ). The EXAFS data reveal mean Fe/Mn-N/O bond lengths decreasing by ϳ0.1 Å in the R2lox sample in the order reduced Ͼ xpr Ͼ oxidized and an Fe/Mn-Fe distance shortening by ϳ0.15 Å on the red 3 ox transition. The respective BVS increases from values close to 2 to values close to 3, in good agreement with the XANES data indicating mostly M II /Fe II and M III /Fe III (where M is manganese or iron) centers in the reduced and oxidized samples, respectively.
The bond length differences between reduced and oxidized states derived from EXAFS are so small that they fall within the range of the coordinate error of the crystal structures ( Table 2) . Although the mean Mn/Fe-N/O bond lengths in all crystal structures are similar to the bond lengths in the reduced state XAS samples, and the BVS values are consequently close to 2 ( Table 5) , we can therefore not safely conclude that the crystal structures reflect the predominant presence of divalent metal ions in both reduced and (initially) oxidized R2lox, although, as noted above, this is very likely the case. The global cofactor configurations, however, including the metal-metal distance, are not affected much by xpr, as revealed by the EXAFS data. The arrangement of amino acid ligands around the metal ions in the oxidized state crystal structures thus accurately represents the oxidized state. The EXAFS data also show, in agreement with the crystallographic data, that the overall structures of the Mn/Fe and Fe/Fe clusters are rather similar (Fig. 6 ). It appears that the presence of a manganese ion at site 1 changes the cofactor structure only insignificantly in comparison with a diiron center.
There is also evidence for other (minor) cofactor structures in the XAS samples. These structures may be more similar to the ones observed in classical RNR R2 proteins. The XANES revealed small Fe IV and Mn IV contributions in the oxidized samples, which may remain due to incomplete reduction of Mn IV /Fe IV centers to M III /Fe III centers. In reduced R2lox, potential metal-metal distances around ϳ4.2 Å may correspond to cofactors that lack the fatty acid ligand, so that a center with only one bridging carboxylate (Glu-102) is formed, such as conformation B in Fig. 3F , as observed in many crystal structures of standard R2 proteins (see Refs. 55, 56 and references therein). This agrees with the structural heterogeneity observed in the crystal structures of reduced Mn/Fe and diiron states 
Metal-ligand bond lengths and BVS values from EXAFS and crystal structures
The first value in each line is from EXAFS, and the values in parentheses are from the crystal structures. The following abbreviations are used: Red, reduced, anaerobically prepared samples; xpr, aerobically prepared, x-ray photoreduced samples; ox, oxidized, aerobically prepared samples. Table 4 ). Bond orders were neglected in the drawing for clarity. Protonation states of terminal and metal-bridging oxygen species are based on EPR assignments (22, 29) .
Fe/Mn-Fe (Å) Fe/Mn-N/O mean (Å) BVS
( Fig. 3) . In oxidized R2lox, metal-metal distances of ϳ3 Å may also correspond to (minor amounts of) R2-like centers formed in the absence of the fatty acid, which contain two metal-bridging O(H) groups. (An ϳ3-Å metal distance is typical for R2 proteins containing M III 2 clusters (55, 56) .) An in-depth characterization of such minor cofactor species, however, would require samples in which they are quantitatively populated.
Tyrosine-Valine Ether Cross-link Formation in R2lox with Different Metal Cofactors-As described previously, upon oxygen activation the Mn/Fe cofactor of R2lox catalyzes formation of an ether cross-link between the phenolic oxygen of Tyr-162 and the C␤ of Val-72 (Figs. 2B and 7) (22) . This cross-link is absent in the nonactivated reduced state, and instead the hydroxyl group of Tyr-162 is hydrogen-bonded to the carbonyl oxygen of Val-72 ( Figs. 2A and 7) . It should be noted that the absence of the cross-link in the reduced state is due to the fact that this structure was obtained by soaking apoprotein crystals with manganese and iron under anoxic conditions, i.e. the protein was never exposed to metal ions and oxygen at the same time. Cross-link formation is unlikely to be reversible (22) .
Because the dimanganese center cannot activate oxygen, it does not form the cross-link, as expected ( Figs. 4C and 7) . In the oxidized Fe/Fe state, electron density for the cross-link is present, but not strong enough to warrant modeling the link (Figs. 4B and 7) . Cross-link formation during soaking of apoprotein crystals appears to be less efficient than in the cell, likely due to suboptimal reaction conditions. Electron density for the link is observed in apoprotein crystals that were soaked with iron or manganese and iron under aerobic conditions ( Fig. 7) , but when restrained to the optimal distance of 1.45 Ϯ 0.02 Å, the cross-link does not fit the density well, and the bond refines to unrealistically long distances, indicating that the cross-link is not present in all protein mole-cules in the crystal. In contrast, with the same restraint a good density fit and refined bond distance of 1.52 Å were obtained for protein that was produced and purified in metal-bound form (Figs. 2B and 7) (22) .
We used mass spectrometry to verify that the cross-link is indeed formed by both the Mn/Fe and the Fe/Fe cofactor. As shown previously (22) , the precursor ion 689.0381 m/z, corresponding to the tyrosine-valine ether cross-linked peptide AVIRAATVYNMIVR-AVTLD (where the underlined residues are the cross-linked Tyr and Val) obtained by proteolytic digestion of R2lox with Glu-C, fragments into a series of b and y ions in MS2 spectra, including four ions containing the valinyl carbocation. These carbocations arise from the gas-phase cleavage of the ether bond between the tyrosine and valine side chains. The MS2 spectra were practically identical in Mn/Fe and irononly samples, demonstrating that the cross-linked peptide was found in both conditions (data not shown). The amount of cross-linked peptide in R2lox varies somewhat from sample to sample, but is, within error, equal in Mn/Fe and iron-only samples, indicating that, at least under the conditions used in our assay, both cofactors are equally capable of catalyzing cross-link formation.
Likely Routes for Gated Oxygen and Substrate Access to the Active Site-In the reduced Mn/Fe and Fe/Fe state, a solventaccessible hydrophobic channel is observed leading from the protein surface to metal site 2. This channel is occluded in the oxidized state (Fig. 8A) . It may be the access channel for molecular oxygen, suggesting that oxygen first binds to the metal ion in site 2, in agreement with the structural mobility observed at this site in the reduced state. The channel appears to be gated by the oxidation state-dependent carboxylate shift of Glu-202 together with a rotamer shift in Ile-206. Although the "closed" conformation of Ile-206 is clearly defined in the oxidized state, in the reduced state the electron density is less clear, indicating that, like the site 2 metal ligand Glu-167, Ile-206 displays some structural mobility in the reduced state. Only the "open" conformation was modeled, but both may in fact be present. The crystal structures thus indicate that metal site 2 and the channel approaching it are structurally dynamic in the reduced state but not in the oxidized state.
Another apparently redox state-dependent rotamer switch occurs farther away from the active site, involving residues Leu-61 and Phe-178 that flank the ligand-binding tunnel at the upper end, at the backbone of Tyr-175 ( Fig. 8B) . This switch is likely to be coupled to the concerted water ligand-Tyr-175-Leu-198 movement. It does not appear to cause larger conformational changes, but it is tempting to speculate that it relays the redox state-dependent conformational changes of the metal ligands to the protein surface to control substrate binding.
The ligand-binding channel on the whole is somewhat remodeled in the different metallation and redox states (Fig.  8C ). In the reduced Mn/Fe state, two entrances to the tunnel can be discerned, both of which appear to be gated by a flexible loop between helices G and H (Figs. 8C and 9, A and B) . Small rotamer shifts in the loop residues open and close both entrances. Because of the very high B factors of this region in the crystal structures ( Fig. 9A ), its electron density is poorly defined, and the conformations of side chains in the loop cannot reliably be determined. We can therefore not ascertain whether the tunnel entrances are accessible or occluded depending on the redox state. However, as this loop is by far the most mobile region in the crystal structures, it appears likely that it controls substrate access.
Interestingly, in the dimanganese state Tyr-175, Leu-198, Leu-61, Phe-198, and Ile-206 adopt the same position as in the oxidized Mn/Fe and Fe/Fe states ( Figs. 4C and 8, A and B) . The proposed oxygen channel is thus closed, although Glu-202 is in a reduced state conformation. The fatty acid ligand, Glu-167 and Ile-206 also appear to be less mobile in the Mn/Mn structure than in the reduced Mn/Fe and Fe/Fe states. Because the Mn/Mn structure was obtained from an aerobically soaked crystal, closure of the oxygen channel and the concerted water ligand-Tyr-175-Leu-198 -Leu-61-Phe-198 movement may therefore be coupled with oxygen binding rather than activation. (Unfortunately electron density for the water ligand, although it is most likely present, is not observed in the Mn/Mn structure.) Hence, the Mn/Mn state might represent an intermediate conformation in the oxygen binding and activation reaction.
Metal Binding Does Not Cause Larger Conformational
Changes in R2lox-On a larger scale, the structural differences between the reduced and oxidized state crystal structures of R2lox are minor. A morph between the two states (supplemental Movie S1) illustrates that the helix bundle contracts slightly along the helical axis upon reduction. This compaction is mainly caused by the carboxylate shift of Glu-202 in helix F (see Fig. 9B for helix numbering). Helix B, containing the cross-link residue Val-72, is also more contracted in the absence of the cross-link. Once the cross-link is formed, its movement is likely to be more constrained during further redox cycles of the protein.
To assess whether metal binding and oxygen activation cause larger conformational changes in solution that might be prevented by packing interactions in crystals, we subjected R2lox, both in the metal-free and the Mn/Fe-bound state, to SAXS experiments (Fig. 10 ). No differences between the metal-free and metal-bound states can be observed in the scattering profiles (Fig. 10B) . The SAXS data are thus in agreement with the relatively minor conformational changes accompanying metal binding and oxygen activation in crystals. The molecular mass of R2lox estimated from the SAXS data corresponds to that of a dimer. R2 proteins form dimers that interact with the dimeric R1 subunit for radical transfer to the active site in R1 (5, (61) (62) (63) . The extensive dimer interface is conserved in R2lox proteins (ϳ2700 Å 2 or 20% of the total surface area (64)), and the same dimeric assembly is found in crystal structures (21, 22, 65) . A theoretical scattering profile calculated of the dimer observed in the crystal packing matches the observed scattering profile (Fig. 10B ). Envelope reconstructions yield the typical heart shape of R2 proteins, and the crystallographic dimer fits well into the SAXS envelope ( Fig. 10C ). Hence, this is the dimeric assembly present in solution.
From the XAS and SAXS analysis together, we can therefore conclude that the main structural species of R2lox, both at the active site and the global level, are the same in solution and in crystals.
Discussion
R2lox could be described as a hybrid of BMMs and R2 proteins, as it displays some structural and functional features typical of either group of di-metal carboxylate proteins.
In class Ia and Ib R2s, two glutamate side chains, corresponding to Glu-167 and Glu-202 of R2lox, rotate upon oxidation (10, 66 -71) , whereas in BMMs and R2lox only the C-terminal glutamate ligand (corresponding to Glu-202) moves to make room for the bridging O(H) ligand (72) (73) (74) (75) (76) (77) (78) (79) . The same single carboxylate shift occurs in the founding member of the other group of Mn/Fe proteins, the Chlamydia trachomatis class Ic R2 protein (R2c) (20, 80) . The residue corresponding to Glu-167 is a monodentate ligand to the site 2 metal ion in BMMs and Mn/Fe proteins, whereas it shifts from bidentate to monodentate ligation upon oxidation in class Ia and Ib R2 proteins. Interestingly, the crystallographic data of reduced state R2lox can also be interpreted such that Glu-167 coordinates the iron ion in bidentate mode (as in class Ia and Ib R2 proteins), and the fatty acid ligand is not bound to the metal ions (Fig. 3F ). Although this conformation does not explain the data satisfactorily, it The loop gating the ligand-binding tunnel entrances is indicated by an arrow. B, structure of the R2lox protomer in the oxidized Mn/Fe-bound state in rainbow coloring, with helices numbered according to R2 convention (note that the secondary structure assignment algorithm of PyMOL was used; this assignment differs slightly from the DSSP assignment). The 15 C-terminal residues are disordered. The dimer interface is formed by the N terminus and helices A-C (see Fig. 10C ). The metal ions are depicted as spheres, and the fatty acid ligand as a stick model. C, electrostatic surface potential of the R2lox protomer in the oxidized Mn/Fe-bound state in the same orientation as in A and B. The entrance of the proposed oxygen channel is marked with a green asterisk. Positively charged regions are colored blue, negatively charged regions red, and neutral regions white. OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 may be present in a minor proportion of molecules, as also suggested by the XAS data. The reduced active site of R2lox displays a significant degree of mobility. This may explain why the protein can activate oxygen in the presence of the fatty acid ligand, as it would prevent oxygen activation if it was coordinated to both metal ions at all times. Although we presume that the mixture of fatty acids that copurifies with the protein from the heterologous expression host may not represent its physiological substrate(s), the structures discussed here are probably physiologically relevant nevertheless. It appears likely that ligand entry is gated by the flexible loop between the two long C-terminal helices ␣G and ␣H ( Figs. 8C and 9, A and B) . The protein may well bind its physiological substrate(s) in the reduced state, and the substrate may similarly be only weakly coordinated to the metal ions, so that oxygen activation is possible. Such a scenario is encountered in the distantly related cyanobacterial aldehyde-deformylating oxygenase, where oxygen activation is triggered by substrate binding (28) .
Structural Basis for Oxygen Activation at a Mn/Fe Cofactor
In RNR R2 proteins, the C terminus interacts with the R1 subunit for radical delivery but is disordered in the absence of R1 (5). A similar functional order-disorder switch has been suggested for the C terminus of R2lox. The C terminus of the Myco-bacterium tuberculosis R2lox (MtR2lox) is disordered in the original crystal structure (21) , but it forms an additional ␣-helix in a different crystal form (65) . In the G. kaustophilus R2lox (GkR2loxI), the last 15 residues are not seen in the electron density. The additional helix in MtR2lox shields a large concave, positively charged surface patch on the protein. The equivalent surface of GkR2loxI is also concave and positively charged ( Fig. 9C ), suggesting that its C terminus might similarly form a helix interacting with this patch under certain conditions. Packing interactions may prevent it from forming in the crystals. The positively charged concave surface patch on R2lox might interact with other proteins such as a reductase that reduces the metal cofactor after turnover, or the cell membrane, for example for substrate delivery. The C-terminal helix could be used to shield the surface in the absence of the cognate interaction partner to prevent unwanted interactions.
Notably, this basic patch on R2lox surrounds the hydrophobic channel leading from the protein surface to metal site 2 (Figs. 8A and 9C). Channels proposed to allow access of the oxidant to the metal center are present in the equivalent position in class Ia and Ib R2 proteins (81-84). In the recently solved structure of R2c in the reduced state, there is no such channel, but the protein surface displays a cavity in the same position as R2lox, with only Ile-231 (corresponding to Ile-206 in R2lox) blocking access to site 2 (80) . Thus, the structures of R2lox presented here are in line with proposals made for other di-metal carboxylate proteins that oxygen first binds to site 2 (10, 67, 80 -83, 85) . The proposed oxygen channel in R2lox is accessible in the reduced state, but occluded in the oxidized state, suggesting that oxygen access is controlled by the redox state of the metal center and may additionally be gated by the putative C-terminal helix acting as a redox state-dependent switch. It could, for example, only allow interaction with a reductase in the oxidized post-turnover state. The C terminus of R2lox may thus act similarly to the regulatory subunit that controls access of oxygen, substrates, and electrons to the active site of BMMs in an oxidation state-dependent manner (86 -89) .
The metal ions likely gain access to the active site through other channels, as both the channel leading to site 2 and the ligand-binding tunnel are hydrophobic and occluded in the apoprotein, whereas site 1 is disordered in the absence of metals, leaving the active site solvent accessible from this direction (22) .
The metal-metal distance in the different redox states of R2lox is more similar to BMMs than to class Ia and Ib R2s. In these latter two groups, the metal-metal distance increases quite drastically from ϳ3.2-3.5 Å in the M III 2 state to ϳ3.9 Å in the M II 2 state (10, 67-70, 81-83, 90 -93). In R2lox, however, it is only slightly larger in the reduced than in the oxidized state (Table 5 ), as is also the case in BMMs (72-79, 94 -96) . Similarly, in R2c the metal-metal distance increases by only 0.1-0.2 Å upon reduction, although the metal ions are much closer to each other in this protein than in R2lox, with a distance of 3.2 Å in the Mn II /Fe II state (20, 21, (55) (56) (57) 80) . It would appear that the active site geometry is more restrained in the Mn/Fe proteins and BMMs than in class Ia and Ib R2 proteins. This is probably caused by the -helical geometry of the segment of helix E, which spans residues 159 -172 and contains the metal ligand Glu-167 and the cross-link residue Tyr-162 in R2lox (Fig.  9B) . Helix E is -helical in both the oxidized and the reduced state in R2lox and R2c (20, 22, 80) , and consequently also in the absence of the ether cross-link, whereas in BMMs, helix E forms a -helix upon binding of the regulatory subunit (78, 79) . The cross-link in R2lox appears to impose additional strain and probably enforces this rigid geometry during catalysis to prevent unwanted side reactions. It is possibly this geometry that prevents Glu-167 from shifting to a bidentate coordination of the iron ion in site 2 in the reduced state. In class Ia and Ib R2s, helix E adopts a regular ␣-helical structure, and the metal ligand corresponding to Glu-167 shifts to bidentate coordination mode upon reduction (66 -71). As noted above, this shift does not occur in R2c or R2lox (20, 22, 80) nor in BMMs (72) (73) (74) (75) (76) (77) (78) (79) . This difference between class Ia and Ib R2 proteins on the one hand and R2c, R2lox, and BMMs on the other hand correlates with the different nature of their N-terminal metal ligand, an aspartate in the former group and a glutamate in the latter, thus providing the class Ia and Ib R2 proteins with an overall more flexible active site. Notably, these differences do not correlate either with cofactor composition or one-electron versus two-electron redox reactivity of the cofactors. They do, however, correlate with the presence or absence of a tyrosyl radical in the active enzyme. The active state of class Ia and Ib R2 proteins is M III 2 -Y ⅐ (10, 11, 13, 18, 19, 97) , whereas in R2c it is the Mn IV / Fe III state (14) , and in BMMs and (most likely) R2lox it is the M IV 2 state (22, 96, 98) . The tyrosine that is oxidized in class Ia and Ib R2s is replaced by a phenylalanine in R2c and R2lox and a glutamine in BMMs. This residue (Phe-109 in R2lox) is situated in helix C, together with the N-terminal (D/E)XXH metal ligand motif. Therefore, it seems likely that the more rigid active site geometry of R2c, R2lox, and BMMs is required to stabilize the cofactor in the active high redox state and prevent unwanted side reactions.
The data presented here demonstrate that the active site structure of R2lox is essentially the same regardless of cofactor composition. R2lox does not display the metal type-dependent carboxylate shifts that are observed in class Ib R2 (NrdF) proteins (10, 70, 81, 84) . NrdF proteins are active with a diiron cofactor (19, 70, 99) , but most likely use a dimanganese cofactor in vivo (10 -13, 100 -103) . Because this cofactor cannot activate oxygen, they require an additional flavodoxin subunit, NrdI, that delivers a reduced form of oxygen to the dimanganese center in NrdF (19, 81, 104, 105) . The metal-dependent carboxylate shifts in NrdF are likely coupled to the different access pathways for the respective oxidant (81, 82, 84) . The situation in R2lox is different, as both the Mn/Fe and the diiron cofactor are capable of activating oxygen and catalyzing formation of the ether cross-link. The structural similarity between the two types of cofactors suggests that these reactions proceed via similar mechanisms at the Mn/Fe and the diiron cluster. Formation of the inactive Mn/Mn cluster seems to be strongly disfavored (22) , and due to the lack of activation it would remain weakly bound and could easily be displaced. It is therefore possible that in vivo, R2lox functions with either a diiron or a Mn/Fe cluster depending on metal availability. However, given the differences in redox potential between manganese and iron, the different metal clusters might also be utilized for different chemical reactions (53) . R2lox proteins may represent a much simpler scaffold capable of hydrocarbon oxidation than the complex multisubunit BMMs. It is therefore of great interest to uncover their catalytic capabilities.
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